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19 INTRODUCTION

The computer code A32CODE perform automatic analysis of the AFRPL

single-color transuissometer data to obtain the volume-to-surface mean radius

a32 of plume particles and estimates of its error caused by uncertainty in

size distribution, complex index of refraction, and experimental data. The

code consists of two parts: the actual program (A32CODE) and subprograms for

analyzing the data, and files of Hie scattering parameters (UQFILE and

BQFILE).

The method of analysis has been presented in detail in Section 4.1 of

Ref. I and is only briefly reviewed here In the discussions of how the code

works. The input data required by the code are defined in Table 1, With the

data of the first card and the data of either UWILE (if DISTR - U) or BQFILE

(if DISTR - B), the upper and lower error bounds of Q/a3 2 versus a 3 2 are

constructed and stored. With the data from the second and subsequent cards,

the experimentally determined value of Q/a Is computed and used with the
32

constructed curves to determine a32 and its error. An example application is

described in a later section.

Se

I. S. J. Young, Considerations on the Retrieval of Plume Particle Properties
from the AFRPL Transmissometer and Polarization Scattering Experiments,
AFRPL-TR- 84 - 047 , U. S. Air Force Rocket Propulsion Laboratory, Edwards
Air Force Base, California, August 1984.
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2. NIB PARA4RTIR FILES5

The two files UQVILE and IQFILE contain the Mi. scattering
paramter Q/x32 averaged over all possible unimodal and bimodal rectangular

site distributions, respectively, for which x3  sfixed at the tabulated

valne. The file. contain entries for the 54 pairs of n, K values implied by

n 1.60, 1.65, 1.70, 1.75, 1.80, 1.85, 1.90, 1.95, 2.00 0

K- 0, 2 x 10-4, 2 x 10-3, 2 z 10-2, 0.2, 0.5

The structure of eijr file is defined by the FORTRAN read sequence of

subroutine RZADQ (a listing of the code Is given In the Appendix)* NINDEX(N)
(N-1,9) and KINDKX(K) (K-1,6) are the arrays just listed. X32(1) (1-1,41) is
the array

0.1x 32 () -10 x 32 (1-1); i-1,41; x32(1) -01 lo

QDAR(N,K,1) is the value of Q/x32 averaged over the size distribution,

QSIG(N,K,I) is the standard deviation of variation about the man value,
QfIN(N,IC,I) is the minimu. value in the variation, and QMA(N,X,I) is the

maximum value in the variation.

9



3. A32CODE DESCRIPTION

The first step in A32CODE is to read the input data of the first data

card and the data of either U(FILE or IQFILE, The latter is done by

subroutine READQ. The data of the first card specify the degree of Ignorance .1%
assumed in a and K, the wavelength, and whether the analysis is to be done

*' using a unloodal or blmodal rectangular particle size distribution (see Table

I for details).

The next step is to effect a variation over n and c. The ranges of n

and K are divided into MN-I and KK-1 equal size subintervals and the five Q-
variables described above are computed at the NNx KK grid points for all 41

values of x32 (the code uses NN-KK-5, but these numbers can easily be

changed). The computation of the Q values consists of interpolations on the

values in either the UQFILE or BUFILE. The interpolation is of the form

Log Q (A+Bn) + (C40n) (1)

and is performed in subroutine QINT. At each of the 41 values of x32, two
upper and two lower bounds of &/a3 2 are determined. These are

lXl - max (QAR+QSIG) c

QMAX2 - max (QML4X) c (2) "

Qc4INl - min (QBAR-qSIC) c

Q4IN2 - min (qIN) c

where max ( ) and min ( ) denote the maximum and minimum values, respectively,

in the NNx KK set of variation values. Q4AXI and QINl represent "optimistic"

error bounds in that they are the traditional root-mean-square Um)

deviations from the mean. QKAX2 and (4IN2 represent "pessimistic" error

bounds in that they are the absolute maximum and minimum values in the

variation over index of refraction and size distribution. If INI is less

than or equal to zero, it is replaced with QKIN2. The constant c is 2w/X and

transforms /x3 2 into Q/a32 with unit um
- I,

The end result of the variation then, is two sets of upper and lower

bound curves versus a32* In the code, these curves are denoted by

11



BL( ,i) IJ1.1,41
BU(m,i)J

where L implies "lower", U implies "upper", -1 implies rus error and m-2

3 implies full-range error. These curves are essentially the bound curves of,

for example, Fig. 31 of Ref. I. The four curves are plotted versus a32 In

subroutine PLOTB (note, x32 - 2wa3 2 /X ).

For subsequent analysis, it is convenient to have an algebraic

representation of these curves. Here, a quadratic fit is made on the

logarithm of the curves. In each interval a, to ai+I with 1-1,40, the curves

are approximated by [B(x) is any one of the bound curves and a is a321

Yi + Biln (aa) + czn2 (a/a)
Bi(a) e (3)

where

C-, 2 In( 2) (4a)
2In (ai+1/ai)

4

I  In (. 1+ ) (4b)
M1+ 5 1i B1+2

Yi- In Bi  (4c)

for 1-1,39, and

*1 *39 '1 3 9 Y mY3 9 (5

for 1-40.

In the code, these coefficient arrays are denoted by

ACL(m, 1)

BCL(m, 1)

CCL(m,i) 1-1,40

ACU(m,l) m-1,2 (i.e., ras or full-range error)

ICU(m,I)

CCU(s,i)

12



This curve fitting is done in subroutine CUIFIT. In addition to the curve

fitting, the peak value of each curve is computed in CURFIT and stored as

YU4AX(m)1

YtMAX(m)J

At this point in the code, a loop is initiated over experimental input.

One card at a time is read in, the data contained on it are analyzed, and the

results for mean particle size and error printed out. The loop continues

until an end-of-information card is reached, at which point, the code stops.

The experimental input data required are described in Table I. From

these data, the experimental value of 5/a (denoted by Y in the code) is32
computed from [see Eq. (42) in Ref. I

1in 4d__ 1O-4 In T (6)

3LC3  -n

Its experimental error is determined from

DYY(AL 2 AC 2  Ad 2  AT 2

m.

The experimental bounds on Q/a32 are then defined by

YP - Y + DY (8)
YM - Y - DY

At this point, an analysis is made of where these two bounds (ie., YP and

YM) intersect the BU and BL curves. (A loop is made over m-l and 2 so that

the following is done for both the rme and full-range error bound cases). The

primary differentiation on the manner of analysis is made by testing the

magnitudes of YP and TM with YUMAX and YLMAX. The most general case occurs

when YP is less than YTIAX, that is, when the upper experimental bound lies

below the peak of the lover bound curve. This condition is shown in Fig. 1.

In this case there are two well-defined regions of the £32 axis where the

experimental data are consistent with the analysis curves. They lie on either

side of the peaks of the curves BU and BL and are designated here as lying in

13
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the "upper" or "lower" branch of the analysis curves. The eight points of

intersection of YP and I with BU and BL shown in Fig. 1 are computed in

subroutine ROOTS (described later). The retrieved a 3 2 and errors are defined

in term of the a 3 2 coordinates of these points by

~32 [a+ + +o pe rnh(5

all + (al + al + l] on lower branch

32- (9a)+ +
2 (+ l - a4 ) on upper branchhe 32 -(9b)

(The code symbols for these intersection points are AIP, ALIP, WINJJ, ALIK,

AL2P, AU2P, AL2 and AU2M).

In most cases, it will be known from experimental conditions which of the

two retrieved values is relevant. For those cases where it is not known, the

code also computes a "branch undetermined" retrieval value for a 3 2 , In

principle, this value and its error could be determined from the four

intersections of YP and DI and BU by

I +'U +2'142 U

2 + 2 (10)

"32 2 (a - al)

In practice, however, these values are sore conveniently comuted in the code

from the intersections of the man experimental value Y with the upper bound

curve BU (Fig. 1) by

a 32 1 (aI + a2 )

(II(a11
Aa3 2 - 2  - a1 )

(The code symbols for these intersection points are Al and A2.)

15



If the upper experimental bound YP is greater than the peak YIUAX of the

lower bound curve, there are no well-defined "upper" and "lower" branch

regions. For this case, a "branch undefined" analysis is made exactly as for

a "branch undetermined" case. That is, the intersections of Y with NU are

determined and Eqs. (11) used to define the retrieval 832 and error. A minor

variation is made if Y is greater than YUWAX (so that there are no

intersections of Y with BU) - the value of D is used In place of Y. If 174

is greater the YUMAX, no analysis is possible. (Also, analysis is skipped if

Y4 is less than the lowest value of BL in the entire 832 range.)

For all cases of analysis, the intersection of a line Y (i.e., Y, YP, or

YM) with a bound curve B (i.e., MI or EL) Is made in subroutine ROOTS using

the algebraic representation for B defined by Eqs. (3)-(5). In each of the 40

subintervals, a test is made to see If there are any intersections of Y with

the quadratic form of Eq. (3). There will be no real intersections if

2

and two intersections (they may be equal) otherwise. These Intersections are

(1,2) -a , * )/2,.

A further check is made to see if these roots occur in the Interval a, to

ei+I .  If they do, they are saved. After all roots in all 40 subintervals

have been found (there may be many roots if B fluctuates up and down a lot) a

search is made for the smallest and largest. These two are returned to the

main code as the relevant intersection points.

16



4. ECAMPLE APPLICATION

Example runs of the code were made for the case where ignorance of the

particulate index of refraction is specified by

1.7 C n C 1.8
0 • K C 0.02

S
end A Is the AFRPL experimental value A - 0.5145 moo

Both the unimodal and bimodal size distribution were used. Two cases of

experimental data were run. In both,

T - 0.880
L -10 ca
Ca M 5.5x lOgc-7 m=3

d - 3.7 g/cu3

In the first case, these values were assumed to be exact and the input errors

were set to zero. The resulting error In a 3 2 Is then due soley to ignorance

of size distribution and index of refraction. In the second case, the

following experimental errors were assigned: 3'

AT -0.03 (-22 error In I and I; r I/I) 1/1

0 0

AL- I ca (102)

AI M 5.x5 x 10 g/cm3 (10)

3Ad - 0.4 g/cm (-102)

Code results for these two cases with the unimodal size distribution are

shown in Tables 2 and 3 and Figs. 2 and 3. Table 2 lists the &/a3 2 error

bounds. AVESIG are the "optImistic" error bounds wherein the variation over

size distribution is measured by the standard deviation of j/a 3 2 ; MAX and KIN

are the "pessimistic" error bounds wherein the variation over size

distribution is measured by the total range of variation of &/a3 2. The choice

of whether to be optimistic or pessimistic is a user option. These bound

results are plotted In Figs. 2 and 3. (Note: the Aerospace plotting routines

17



Table 2. &/a 32 Bounds Listing for Unimodal Distribution

A32CODE ESULTS

NLINXTS N12 1.7003.00 N23 1.W000
KLZIMITS Kis 0. Klm 3.0003-02

MA VI LNGTHz .5145 MICRON
OISTRIBUTIONx U

Q/A32 DOUNDS (W4ZITu1/1.)

I A32(MU) X32 AW.SIS1 LWC-SIC MAX M(Z

I 8.169E-03 1.0002-01 4.2711-01 5.211-03 4.2733-01 *.675-03
2 1.0321-02 1.2603-01 4.359K-01 1.6549-02 4.361E-01 9.7703-03
3 1.294E-02 1.560E-01 4.5213-01 2.074E-02 4.526E-01 1.930E-02
4 1.6383-02 2.000E-01 4.646E-01 4.&M1-02 4.654E-01 3.9251-03
S 2.0553-02 2.5103-01 5.4549-01 6.3693-02 5.469E-01 7.79*E-02
6 2.588E-02 3.160E-01 6.8473-01 1.647E-01 6.6639-01 1.5673-01
7 3.2593-02 3.960t-01 9.7773-61 3.4119-01 9.6*93-01 3.1633-01
6 4.1021-02 5.010E-Si 1.567E#00 6.9001-01 1.561E#00 6.409E-01
9 5.267E-02 6.310E-01 2.747E#00 1.4023.00 2.7763.00 1.302E#00

10 6.5021-02 7.940E-01 4.9551400 3.7953,00 5.0053400 2.6163.00-
11 8.189E-02 1.000E.00 6.621E400 5.1621400 6.7123400 5.0291.00
12 1.03CE-01 1.2601.00 1.5463401 9.099300 1.5531401 6.6*91400
13 1.294E-01 1.5801.00 2.0963401 1.5473.01 2.2311.01 1.5453401
14 1.6383-01 2.0001.00 2.2581401 1.495E+01 2.304E#01 1.6093+01
15 2.0553-01 2.510C+00 2.1571.01 1.7489+01 2.282E+01 1.768E#01
16 2.5881-01 3.160E#00 1.7091.01 1.3111.01 1.6691.01 129.0
17 3.259E-01 3.980E+00 1.067E+01 6.1363#00 1.1403401 7.6*31400
18 4.102E-01 5.0101.00 6.724E400 5.0153.00 6.6*51400 4.148E+00
19 5.1673-01 6.310E400 5.4949400 4.4*13400 5.6793400 4.3123.00
20 6.5023-01 7.9*0E+00 4.4621400 3.461E+00 5.1543400 3.6613.0 -

21 6.189E-01 1.0003.01 3.267E#00 2.6361.00 3.0613#00 2.225E.00
22 1.032E#00 1.260E+01 2.447E+00 2.2061400 2.628E+00 2.1213400
23 1.294E+00 1.5803401 1.6621400 1.7663400 1.930E+00 1.7443.00
24 1.638E+00 2.0001.01 1.4151400 1.3541.00 1.4501400 1.3053.00
2S 2.0551.00 2.510E*01 1.132E400 1.0711400 1.2061400 1.0503.00
26 2.5883400 3.160E401 8.564E-01 6.357E-01 8.602E-01 8.147E-01
27 3.259E+00 3.9803401 6.7481-01 6.5733-01 6.879E-01 6.443E-01
28 4.102E+00 5.0101401 5.3121-01 5.1543-01 5.4331-01 5.0191-01 -

29 5.167E400 6.310E401 4.136E-01 4.076E-01 4.164E-01 4.0151-01
30 6.5021.00 7.940E+01 3.286E-01 3.930E-01 3.3513-01 3.209E-01
31 8.189E+00 1.0003.02 2.576E-01 2.5363-01 2.606E-01 2.5101-01
32 1.032E401 1.260E+02 2.026E-01 2.004E-01 2.031E-01 1.984E-01
33 1.294E#01 1.5803402 1.6083-01 1.591E-01 1.621E-01 1.5771-01
34 1.6383+01 2.000E+02 1.2653-01 1.2551-01 1.273E-01 1.2553-01
35 2.0553.01 2.5103402 9.999E-02 9.9563-02 1.0021-01 9.930E-02
36 2.58$E+01 3.160E+02 7.907E-02 7.663E-02 7.9151-02 7.651-02
37 3.2591.01 3.9801.02 6.269E-02 6.2431-02 6.281E-02 6.226E-02
38 4.102E+01 S.C1OE+02 4.9591-02 4.951E-02 4.968E-02 4.9511-02
39 5.1673.01 6.310E+02 3.929E-02 3.922E-02 3.932E-02 3.921E-02
40 6.5021401 7.94~0E+02 3.116E-02 3.110E-02 3.114E-02 3.106E-02
41 8.1891.01 1.0003.03 2.4701-02 2.467E-02 2.473E-02 2.467E-02

18
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Table 3. a32 Retrieval Results for Unimodal Dietribution

A32 AIV TOTAL ERROR RESULTS

FIRST IrCWzVALUE LB=LOI4ER BRANCH
SEC=1L ROW4-RflS ERROR UB=UPPER BRANCH
THIRD ROI4#PERCENT ERROR OB:UNOETERMINED BRANCH

ZERO:HOT APPLICABLE

TRANS LICII) C(G/C113) 0(S/CH3) Q/A(19.-1) A3201J) ENS ERROR SOUNDS5 A32(IIJI FULL ERROR BOUNDS
LB US 08 LB 15 05

8.800E-01 1.002E*01 5.500E-07 3.700E.00 1.147E401 1.01E-01 2.9SE-01 2.02E-01 1.02E-01 3.001-01 2.08E-01

0. 0. 0. 0. 0. 1.08E-02 1.92E-02 1.12E-01 1.14E-02 2.48E-02 1.17E-01
0. 0. 0. 0. 0. 1.071401 6.49E+00 S.53E+01 1.12E#01 8.25E+00 5.65E.01

8.800E-01 1.OOOE+01 5.5001-07 3.700E+00 1.147E*01 1.01E-02 3.04E-01 2.02E-01 1.0ZE-01 3.06E-01 2.08E-01

3-OOOE-02 1.000E400 S.S00E-08 4.000E-01 3.676E+00 2.48E-02 7.001-02 1.12E-01 2.511-02 7.08E-02 1.17E-01

2.667E401 1.000E+01 1.000E+01 1.081E+01 3.206E+01 2.4SE*01 2.30E+01 S.531401 2.46E401 2.31E+01 S.65E.01
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are inhouse and not transferable to other computer facilities; the plot

routine in the delivered version of the code gets everything ready to plot,

but does not actually plot them.)

Table 3 lists the actual retrieved a 3 2 and its error for both the

optimistic and pessimistic error bounds. For each of these, three values are

determined depending on which branch (if either) of the Q/a3 2 curve is

chosen. For the AFRPL conditions, it is probably safe to assume the upper

branch.

Tables 4 and 5 and Figs. 4 and 5 repeat the results for the bimodal size

distribution.
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Table 4. 4/a 3 2 Bounds Listing for Bimodal Distribution

A32C00E RESULTS

NLDIITS N12 1.700E+00 Ntz 1.6009+0
ICLIMITS K!. 0. X22 2.0009-02

WAVELENGTH= .5145 MICRONS
DISTRIBUTION-- a

W/A32 SCUNDS (UIAITU1ASJ)

I A32(MJ3 X32 AVI.SIQ AVI-$IS MAX "IN

1 8.169E-03 1.000E-01 4.4"E1-01 4.675-03 5.6591-01 4.6751-03
2 1.032E-02 1.260E-01 4.754E-01 9.771E-03 7.347E-01 9.771E-03
3 2.294E-02 1.5801-01 5.2651-01 1.9101-02 1.074E+00 1.910E-02
4 1.636E-02 2.000E-01 6.5351-01 3.9251-02 1.743E+00 3.9251-02
5 2.0551-03 2.5101-01 6.936E-01 7.732E-02 2.870E+00 7.7321-02
6 2.588E-02 3.260E-01 1.331E+00 1.5671-01 4.9011.00 1.567E-01
7 3.2591-02 3.980E-01 2.0201.00 3.164E-01 7.973E+00 3.164E-01
8 4.102E-02 5.010E-01 2.960E.00 6.4061E-01' 1.3751.01 6.40&E-01
9 5.167E-02 6.310E-01 3.939E#00 1.3021.00 1.291E.01 1.302E.00

10 6.5021-02 7.940E-01 5.7591.00 2.6131.00 1.4071.01 2.613E#00
11 6.189E-02 1.0001.00 9.3051#00 5.0741*00 1.336E+01 5.0291.00
12 1.032E-02 1.2601.00 1.574E.01 8.6859400 1.8501.01 5.0031.00
13 1.294E-01 1.580E+00 2.229E+01 1.3811#01 2.231E.01 3.909E.00
14 1.6381-01 2.0001.00 t.2771+01 1.6551.01 2.3151.01 5.0691.00
15 2.C551-01 2.5101.00 2.217E#01 1.6711+01 2.2621.01 6.8611.00
16 2.5881-01 3.1601.00 1.7861+01 1.2731.01 1.681.E01 7.078E.00
17 3.2591-01 3.9801#00 1.114*01 7.6161.00 2.430E+01 6.3341+00 lop
18 4.102E-01 5.010E*00 6.7211.00 4.609E+00 9.469E.00 4.152E.00
19 5.1671-01 6.310E+00 5.690E+00 4.4911.00 7.3751*00 3.4301.00
20 6.5021-01 7.940E#00 4.7391.00 3.7251.00 5.1511.00 3.0971.00
21 8.169E-01 1.O0000 3.1201.00 2.4761.00 3.9051.00 2.224E.00
22 1.0321.00 1.2601.01 2.5441.00 2.1701.00 2.694E.00 1.8291+00
23 1.294E.00 1.5601.01 1.903E.00 1.7541.00 2.0551.00- 1.6561.00
24 1.638E.00 2.0001.01 1.4401.00 1.3311.00 1.5031.00 1.303E.00
25 2.055E.00 2.5101.01 1.1631.00 1.0571.00 1.206E.00 1.039E.00 F
26 2.588E.00 3.1601+01 6.6421-01 6.2451-01 9.4161-01 6.100E-01
27 3.259E.00 3.9801.01 6.6041-01 6.5271-01 6.9941-01 6.440E-01
28 4.102E+00 5.010E.01 5.356E-01 5.910 .4321-01 5.016E-01
29 5.1671.00 6.310E+01 4.151E-01 4.0501-01 4.2771-01 3.990E-01
30 6.5021.00 7.9*01.01 3.313E-01 3.2201-01 3.3521-01 3.1901-01
31 8.1891.00 1.00102 2.591E-01 2.5261-01 2.642E-01 2.5071-01
32 1.032t+01 1.2601.02 2.027E-01 1. 9951-01 2.063E-01 1. 9631-01
33 1.294E.01 1.5801.02 1.616E-01 1.5841-01 1.624E-01 1.57*1-01
34 1.6351.01 2.0001.02 1.2671-01 1.2561-01 1.276E-01 1.246E-01
35 2.0551.01 2.510E.02 1.002E-01 9.9-02 1.0111-01 9.924E-02
36 2.5661.01 3.1601.02 7.9151-02 7.6791-02 7.9951-02 7.S66-02
37 3.259E.01 3.980E.02 6.2741-02 6.Z361-02 6.3341-02 6.2201-02
36 4.102E.01 5.010E+02 4.967E-02 4.9501-02 4.991E-02 4.9*1E-02
39 5.1671.01 6.310E#02 3.933E-02 3.9221-01 3.9451-02 3.9151-02
40 6.5021.01 7.9401.02 3.1171-02 3.1071-02 3.1261-02 3.0931-02
41 6.189E.01 1.005E+03 2.460E-02 2.4411-01 2.4771-02 2.4401-02
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APPENDIX

A32CODE Listing'
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100 PROGRAM A32CODE(INPUTOUTPUTTAPE2,TAPE3,TAPE5=INPUTTAPE6=OUTPUT)
110 C
120 DIMENSION YLMAX(2)YYUMAX{2)
130 DIMENSION AUBC2)tDUB(2)#EUB(2)
140 DIMENSION ALB(2)9DLB(2)qELB(2)
150 DIMENSION A08(2)vDOD(2)vEOB(2)
160 REAL MIPN2iK1,K29NINDEX(10)iK!NDEX(10),L
170 COMMON/QDATA/X32(41) ,XXXXI(8873)
ISO COMMON/QFVNC/OBAR(41),OSI6(41),QNIN(41)OMAX(41)
190 COMtION/IOUND/A32(41),SU(2,4l),BL(2941)
200 C
210 C
220 C READ AND LIST INPUT DATA
230 READ(5pl00) N1PN29K~IK29MLYDISTR
240 WRITE(6,200)
250 WRITE(6v20l) NlPN2
260 WR.TTE(6t202) KIsK2
270 WRITE(69203) WL
280 WRITE(6v204) DISTR
290 C READ OFILE DATA
300 CALL READO(DISTR)
310 C
320 C SET UP VARIATION ARRAYS
330 NNS5
340 K=
350 DELN=(N2-N1)/(NN-1.)
360 DO 1 N:1N
370 1 NINDEX(N)=N1H(N-I.)*DELN
380 DELK=(K2-Kl1/(KK-1.)
390 DO 2 K1,PKK
400 2 KINDEX(K)=K1+(K-1.)*DELK
410 C SET UP A32 ARRAY AND INITIALIZE FOR UPPER AND LOWER BOUNDS SEARCH
420 CCz6.2B31B5308/WL
430 DO 3 1=1,41
440 A32(1)=X32-(I)/CC
450 DO 3 M=112
460 [U(NgI)=0.
470 3 BL(MI):1.E9?
480 C PERFORM VARIATION OVER INDEX OF REFRACTION AND SET UP LOWER AND
490 C UPPER BOUNDS SEARCH

* So50 DO 4 N=1,NN
510 DO 4 K=19KK

5.10 CALL OlNT(NINDEX(N),KINDtEX(K))
530 DO 4 1=1,41.
540 QMAXI=CC*(DBAR(I)+OSIG(I))
550 QMIN1=CCStOBAR(I)-0SIG(i))
560 nMAX2=CC*QhAX( I)
570 QMIN2=CC*0MlN'I)
580 IF(OMINI.LT.QNIN2) QMIN1=QMIN2
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590 IF(OhAXl.GT.BU(lvI)) BU(1,I)=OMAXI
600. IF(QMIN16LT.BL(lvI)) 9L(1#I)wQMIN1

610 IF(QMAX2.'3T.EIU(2iI)) B'J(2vI)ONMAX2

630 4 CONTINUE
640 C PRINT BOUNDS RESULTS
651D URITE(6,300)__
660 WRITE(6P301)
670 DO 5 1,141
680 5 WRITE(6p302) 1,A32(I),X32(I).BU(1,I),BL(lI),BU(2,I?,BL(2,I)
690 C FIT UPPER AND LOWER BOUND RESULTS WITH QUADRATIC SEGMENTS
700 DELXcO.230258510
710 CALL CURFIT(O,1,4lrDELXvYLMAX(1))
720 CALL CURFIT(1,1,4lpDELXPYUMAX(l))
730 CALL CURFIT(0,2t4ltDELXPYLMAX(2))
74f. CALL CURFIT(1,2v41,DELXvYUMAX(2))
750 C PLOT BOUND RESULTS
760 CALL PLOTB(YUMAX)

7 70c
780 C DATA PROCESSING LfU)OP
790 WRITE(6v40C)
900) WRITE(6r401)
8[0 WRITE(69402
820 WRITE(6r40,l)
S30 WRITE(6v40V)
84Q WRITE(69405)
850 C READ EXPERIMENTAL DATA AND COOPUTE EXPERIMENTAL ERROR
861. i READ(5pl0l) TRrDTRvLrDLICtDCtDIDD
870 IF(EOF(5)) ?98
880 7 STOP
890 8 ET=-100.*EtTR/(TR*ALOG(TR))
900* ELr100.*DL/L
9 10( EC=100.*DC/C
920 ED=I06.*DD/9)
930 Y=-4.E-4*D*ALO6(TR'/(3.*L*C)
940 EY=SQRT(ET*ET+EL*EL+EC*EC+EDSEDrI
95". DlEY*Y!/100,
9 0~ YP:Y+ DY.
y 0 !M=Y-DY
?80 C LOOF OVER TWO CASES OF SIZE DISTRIBUTION ERROR -- Ml IMPLIES RMS.
990, C Or2 IMPLIES FULL-RANGE

101Q C 1NITIALIZE BRANCH RESULTS
1020 AUR(M)=0.
103C, ALB()?0.,
1040 AOB(M)m0.
1050 DUB(M)=0.
1060 DLB()=0.
1070 DOB(M)=.~0
1080 EUB(M)=0.
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1090 ELB(M)*0.

1100 EO3(M)=O.
1110 C UNDETERMINED(OR UNKNOWN) BRANCH ANALYSIS
1120 Z=Y
1130 !F(Z.LE.YUNtAX(M)) 60 TO 9
1140 Z=YM
1150 IF(Z.6T.YUMAX(M)) 6O TO 10
1160 9 CALL ROOTS(1,9l,4ltZtA1'A2)
1170 AOBt(N)=(A2+A1)/2.
1180 DODP(M)=(A2-AI)/2.
1190 EOD(M)z100.*DOB(M)/AOD(M)
1200 C LOWER AND UPPER BRANCH ANALYSIS
1210 10 IF(YP.6T.YLNAX(M)) 60 TO 11
1220 CALL ROOTS(1,Ni41pYPvA1UPpA2UP)
1230 CALL ROOTS(0,N,41PYPPA1LPYA2LP)
1240 CALL ROOTS(1,N,41,YNAlUMqA2UM)
1250 CALL ROOTS(0,fl,41vYNA1LMvA2LM)
1260 ALB(M)w(AIUP4AILP+A1UM+AILM)/4.
1270 DLB(M)=(A1LP-AIUM)/2.-
1280 ELB(M)=100.*DLB(fl)/ALB(h)
1290 AUD(M)=(A2LP+A2UP+A2LN+A2UM)/4.
1300 DUB(M)=(A2UM-A2LP)/2.
1310 EUB(M)=100.*DUB(M)AU(l)
1320 11 CONTINUE
1330 C PRINT RESULTS ANED CONTINUE DATA PROCESSING LOOP-
1340 WRITE(6,406)
1350 WRITE(6,407) TRPLCDPYI (ALB(ft),AUB(M),A03(M),M=1,2)
1360 WRITE(6y407) DTPLDPDDvDBH)DBMPO()Ml2
13?0 WRITE(6y407) ETELiECEDEY,(ELB(M),EUD(M),EOB(M),M=1,2)
1380 60 TO 6
1390 £
1400 C
1410 100 FORMAT(5E1O009XA1)
1420 101 FORMAT(8E10.0)
1430 200 FORPAT(1H1./4X,*A32CODE RESULTS* I
1440 201 FORMAT(8X,*NLIMITS*,11X,*N1=*,1PE1O.3,3X,$N2=SEIO.3
1450 202 FORMAT(8X,*KLIMITS*t I X,*K1=*,1PE1O.3,3X,*K2=*,E10,3 I
1460 203 FORMAT(8Xv*WAVELENGTHr*rF8.4t* MICRON*)
1470 204 FORMAT(8X,*DISTRIDUTION:*,11XA1I/I
1480 300 FORMAT(4XY*Q/A32 BOUNDS (UNIT=I/NU)* I
1490 301 FORMAT(5X,*1*i4X,*A32(MU)*,7X,*X32,97X*AVE+SIO*,X*AVE-SIG*7X,

* 150( X *MAXtv9XP*MIN* 1
1510 302 FORMAT(1691P6EI2.3)
1520 400 FORMAT(1Hlv/3X9*A32 AND TOTAL ERROR RESULTS* '
1530 401 FORMAT(6Xv*FIRST ROW-VALUE LB=LOWER BRANCH*V
1540 402 FORMAT(6XP*SECOND R0W=RMS ERROR UDmUPPER BRANCH*)
1550 403 FORMAT(6Xv*THIRD ROWsPERCENT ERROR 03-UNDETERMINED BRANCH*)
1560 404 FORMAT(/6Xw*ZEROzNOT APPLICABLE$ I
1570 405 FORMAT(5X,*TRANS~,5X,*L(CM)*,4X,*C(6,CM3,*,2X,*O(S/CM3)*, 1Xy
1590 X *Q/A(tIU-1)*,2X,*A32(MU) RMS ERROR BOUNDS~w3Xq*A32( U) FULL ERReN
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1590 XBOUNDS* /S6X,*L3*,7X,*U3*,7X,*3*7X*L*7XvsIJB*7?.0Os I

1600 406 FORMAT(/)
1610 407 FORMAT(2X~lP5El0.3t6E9.2)
1620 END

.630 SUBROUTINE READO(DISTR)
1640 C
1650 C READ WFILE DA
1660 c
1670 REAL NINDEX(9)tKINDEX(6)
1680 DIMENSION X32(41)
1690 DIMENSION O3AR(9,6,41)iOSI6(9t6,41) iONI.N(9,6i41) iONAX(9t6,41) -

1700 COMtON/QDATA/X32,NNNKNINDEXKINDEXO3ARO81BOMINOHAX

1720 IF(DISTR.EO.lHU) Mx2
17:30 IF(DISTR.EQ.1HD) M=3
1740 READ(M9100) (X32(1)pI:1,41)
1750 READ(Mr10l) NNNK--
1760 DO I N=1,NN
1770 DO 1 K=19NK
1780 READ(MrIOO) HINDEX(N),KINDEX(K)
1790 READ(HP100) (OBAR(NqKvI)vI=1,41)
1800 READ(MY100) (OSIG(NqKI)qI11,41)
1810 READ(Mv100) (QNIN(NsKI),11, 41)
1920. READ(H9100) (QMAX(NtKt1),11,t41)
1930 1 CONTINUE
1840 RETURN
185c.
1860 100 FORMAT(BE10.0)
!87) 101 FORMAT(2110)
1880 END
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1890 SUBROUTINE O1NT(MINDEXPKINDEX)
1900 C
1910 C INTERPOLATE ON GFILE DATA TO GET GDATA AT NINDEX AND KINDEX
1920 C
1930 C
1940 DIMENSION FBAR(2)pFSI6(2)qFMIN(2),FMAX(2)
'1950 REAL NINDEXvKINDEXvNFILE(9)tKFILE(6)S
1960 DIMENSION 63AR(9,6,41)vGSI6(9,6,41),GIIN(9,6,41),6MAX(996p41)
1970 COMMON/QDATA/XXXXX(41),NNPNKNFILEKFILEGBAR,6SI~v6MINGMAX
1980 COMMON/QFUNC/OBAR(41),OSI6(41),9MIN(41),QMAX(41)
1990 C
2000 CLOCATE FILE ENTRY POINTS
2010 DO 1 N=IPNN
2020 IF(NFI.LE(N)*GT.NINDEX) 60 TO 2
2030 1 CONTINUE
2040 N=NN
2050 2 DO 3 K=IYNK
2060 IF(KFILE(K).GT.KINDEX) 60 TO 4
2070 3 CONTINUE
2080 K=NK
2090 C SIZE PARAMETER LOOP
2100 4 DO 6 1=1741
2110 C INTERPOLATE ON N (LINEAR-LINEAR)
2120 DO 5 Lz1,2
2130 fl=K-2+L
2140 DEL=(NINDEX-NFILE(N-1) )f(tFILE(N)-HFILE(N-1)
2150 FBAR(L)=6DAR(N-1,MI)+(6DAR(NMI)-6BAR(N-1,N, I) )*DEL
2160 FSIG(L)=6516(N-1,MI)+(GS16(NMMI)-6SIG(N-1,NIflSDEL
2170 FMIN(L)=GMIN(N-1,MI)+(GMIN(NMI)-GMIN(N-1,MI) )*DEL
2t80 5 FMAX(L):6MAX(N-1,MI)+(6MAX(NMI)-6MAX(N-1,MI))*r!I.
2190 C INERPOLATE ON K (LOG-LINEAR)
2200 DEL=(KINDEX-KFILE(K-1))/(KFILE(K)-KFILE(K-1) P
2210 ODAR(I)=FBAR(1)*(FBAR(2)/FDAR(1))*DEL
2220 0SIG(I)=FSIG(1)*(FSIG(2)/FS516u))*DEL
223c. OINI)=FMIN(I)*(FflIN(2)/FMIN(1))**DEL
2240 6 QMAX(I)=FMAX(l)*(FMAX(2)/FMAX(1))*DEL
2250 RETURN
2260 END nI
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to0 SUBROUTINE CURFIT(I8OUND9MvNpDELXpYMAX)
110 c
120 C QUADRATIC CURVE FIT TO O/A32 VS A32 RESULTS
130 C
140 COMMON/BOUND/XXXXX(41)9DU(2v41)vBL(2,41)
150 COMMON/COEFF/ACU(2i4O),BCU(2IY40),CCU(2i40)'ACL(2i40hDCL(24)v
160 X CCL(2940)
170 C
180 C LOOP TO OBTAIN QUADRATIC COEFFICIENTS FOR ALL A INTERVALS AND
190 C DETERMINE ABSOLUTE MAXIMUM
200 YMAX=0.
210 NN=N-2
22 DO 5 I=1,NN
230 IF(IBOUND.EQ.1) 60 TO 1
240 YI=BL(MtIi
250 Y2=BL(MI41)
260 Y3=BL(MPI+2)
270 60TO 2
280 1 Y1=BU(MvI)
290 Y2=BU(MgI+1)
300 Y3=BU(MPI+2)
310 2 A=ALOG(Y1*Y3/Y2**2)/(2.*DELX**2)
320 B=ALOO(Y2*4/(Y3*YI**3) )/(2.*DELX)
330 C=ALO6(Y1)
340 IF(A.SE.0.) 60 TO 3
350 TEST=-B/(2.*A)
360 IF(TEST.LT. 0.) 60 TO 3
370 IF(TEST.6T.DELX) 60 TO 3
380 YErEXP(C-B*B/(4.*A))
390 IF(YE.6T.YMAX) YMAX=YE
400 3 CONTINUE
410 IF(I9OUNDEQ.1) 60 TO 4
420 ACL(MtI)=A
430 BCL(Mtl)=B
440 CCL(Mvl)TC
450 G0OTO 5
460 4 ACU(Mpi)=A
470 BCU(MtlIhB
480 Cu(IiI)TC
490 5 CONTINUE
500 IF(IBOUND.EO.1) 60 TO 6
5 10 ACL(MpH-1.?ArLIM9NN)

5 20BCL(MpN-1=BWCLfiN)
5 30 CCL(MPN-fl=CCL(MYNN)
S4 0 RETURN
55') 6 ACU(MgN-l~zACU(MPNN)
560 BCU(MtN-1)zBCU(94,NN)
570 C;CU(MPN-1)=CCU(MoNH)
58c, RETURN
590' END
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3300 SUBROUTINE PLOTB(YUMAX) p
3310 C
3320 C PLOT UPPER AND LOWER D/A32 VS A32 CURVES

3330 C
3340 DIMENSION AP(41),YU1(41)YU2(41)tYLI(41)tYL2(41)
3350 DIMENSION YUMAX(2)
3360 COMMON/BOUND/A32(41),BU(2p41)tBL(2p41)
3370 C
3380 C SET UP PLOT LIMITS
3390 NPOINTS=4L
3400 AMIN=IFIX(ALOGOl(A32(1)))-1o
3410 AMAX=IFIX(ALOGIO(A32(41)))41.
3420 Y1MAX=IFIX(ALOGIO(YUMAX(1)))+I.
3430 Y1MIN=Y1MAX-3.
3440 Y2MAX=IFIX(ALOGIO(YUNAX(2)))+l.
3450 Y2MIN=Y2MAX-3.
3460 C SET UP PLOT VARIABLES
3470 DO I I=1141
3480 AP(I)=ALOGlO(A32(I))
3490 YUI(I)mALOI0(BU'1,I))
3500 YL1(I)=ALOGO(BL(lI))
3510 YU2(I)=ALOGIO(BU(2,I))
3520 YL2(I)=ALOGI0(BL(2,I),
3530 IF(YUI(I).LTYIMIN) YUI(I)=YIMIN
3540 IF(YLI(I).LT.YIMIN) YLI(I)=YIMIN
3550 IF(YU2(I).LT.Y2NIN) YU2(I)wY2MIN P
3560 IF(YL2(I).LT.Y2MIN) YL2(I)=Y2MIN
3570 1 CONTINUE
3580 C
3590 C PLOT YUI(I) AND YLI) VS. AP(I) I-lI2,...,NPOINTS ON LINEAR-
3600 C LINER PLOT TO GET UPPER AND LOWER BOUND CURVES APPROPRIATE TO RMS
3610 C ERROR IN SIZE DISTRIBUTION P
3620 C
3630 C PLOT YU2(I) AND YL2(I) VS. API) TO BET CORRESPONDING RESULT FOR
3640 C FULL RANGE ERROR IN SIZE DISTRIBUTION
3650 C
36A" ( SUGGESTED X-AX!S TITLE --- LOGIO A32(MICRON)

36 !&C L SU GESTED Y-AXIS 1 ITLE --- LOGlO O/A32(1/MICRON
3680 C
3690 C SUGGESTED TITLE FOR FIRST PLOT --- ERROR BOUNDS FOR RMS SIZE ERROR
3700 C SUGGESTED TITLE FOR SECOND PLOT -- ERROR BOUNDS FOR FULL-RANGE SIZE
3710 C ERROR
3720 C DELETE ABOVE COMMENTS AND INSERT YOUR PLOTTING ROUTINES HERE
3730 RETURN
3740 END

35
35

.1



2770 SUBROUTINE ROOTS(IBOUNDoMpNoYPA1,A2)
2780 C
2790 C DETERMINE LOWEST AND HISHEST INTERSECTIONS OF Y WITH
2800 C BOUND CURVE
2810 C
2820 DIMENSION AR(1O)
2830 COMMON/3OUND/A32(41) ,XXXXX( 164)
2840 COMMON/COEFF/ACU(2,4O)BSCU(2,40),CCU(2,40),ACL(2,P40),BCL(2,40),
2850 X CCL(2w40)
2860 DATA DELX/0,230258510/
2870 C
2880 C SEARCH FOR ROOTS IN ALL A32 INTERVALS
2890 NR=0
2900 NN=N-1
2910 DO 4 I=1,NN
2920 IF(IBOUND.EO.1) 60 TO 1
2930 A=ACL(Mol)
2940 B=BCL(MI)
2950 CCLMl
2960 GO TO 2I
2970 1 AzACU(M,J)
2980 B=BCU(NgI)
2990 C=CCU(Mf1)
3000 2 TEST=B*B-4.*A*(C-ALOG(Y))
3010 IF(TEST.LT,0J) 60 TO 4
3020 TESTI=-(B-SORT(TEST))/(2.*A)
3030 TEST2=-(B+SQRT( TEST) )/(2.*A)
3040 IF(TESTI.LT.0.) GO TO 3
3 05 0 IF(TESTI.GE.DELX) GO TO 3
3060 NRwNR+1
.00 AR(NR)=A32(I)*EXP(TESTl)
3080 3 IF(TEST2.LT.0.) 6O TO 4
3090 IF(TEST2.GE.DELX) 60 Tfl 4

3 10 NRNR+1
3-- AR(NR)=A32(1P*EXP(TEST2)
3120 4 CONTINUE
3130 C FIND LOWEST AND HIGHEST ROOTS
3140 IF(NR.NE.0) 6O TO 5
3150 A1=0.
A 1 i. A2=0.
zilo~ RETURN

~AB 5 l F(NR.NE.1, GO TO 6
3190 A1=0.
3200 A2=AP~l)
3210 RETURM
3220 6 AI=1.E9
3230 A2=0.
3240 DO 7 L=IYNR
3 2 50 IF(AR(Lk.)LT.A1) A1zARIL)
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3260 IF(AR(L)*Gr.A2) A2SAR(L)
3270 7 CONTINUE
32p~, RETURN
3290 END
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